@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Morris JR, Vandermeer J, Perfecto | (2015)
A Keystone Ant Species Provides Robust Biological
Control of the Coffee Berry Borer Under Varying Pest
Densities. PLoS ONE 10(11): e0142850. doi:10.1371/
journal.pone.0142850

Editor: Daniel Doucet, Natural Resources Canada,
CANADA

Received: June 17,2015
Accepted: October 26, 2015
Published: November 12, 2015

Copyright: © 2015 Morris et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: Funding for this project was provided by
the University of Michigan, Intemational Institute
Individual Fellowship and the University of Michigan,
School of Natural Resources Thesis Research Grant
to JRM, and National Science Foundation grant
(DEB-1262086) to Stacy M. Philpott, and National
Science Foundation Grant (DEB-1144923) to IP
(http://www.ii.umich.edu/iilfellowshipsandgrants/
internationalinstituteindividualfellowshipsiiif_ci; http://
www.snre.umich.edu/; http://www.nsf.gov/funding).
The funders had no role in study design, data

A Keystone Ant Species Provides Robust
Biological Control of the Coffee Berry Borer
Under Varying Pest Densities

Jonathan R. Morris' *, John Vandermeer?, lvette Perfecto’

1 School of Natural Resources and Environment, University of Michigan, Ann Arbor, Michigan, United States
of America, 2 Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Michigan,
United States of America

* jonno@umich.edu

Abstract

Species’ functional traits are an important part of the ecological complexity that determines
the provisioning of ecosystem services. In biological pest control, predator response to pest
density variation is a dynamic trait that impacts the provision of this service in agroecosys-
tems. When pest populations fluctuate, farmers relying on biocontrol services need to know
how natural enemies respond to these changes. Here we test the effect of variation in coffee
berry borer (CBB) density on the biocontrol efficiency of a keystone ant species (Azteca ser-
iceasur) in a coffee agroecosystem. We performed exclosure experiments to measure the
infestation rate of CBB released on coffee branches in the presence and absence of ants at
four different CBB density levels. We measured infestation rate as the number of CBB
bored into fruits after 24 hours, quantified biocontrol efficiency (BCE) as the proportion of
infesting CBB removed by ants, and estimated functional response from ant attack rates,
measured as the difference in CBB infestation between branches. Infestation rates of CBB
on branches with ants were significantly lower (71%-82%) than on those without ants
across all density levels. Additionally, biocontrol efficiency was generally high and did not
significantly vary across pest density treatments. Furthermore, ant attack rates increased
linearly with increasing CBB density, suggesting a Type | functional response. These results
demonstrate that ants can provide robust biological control of CBB, despite variation in pest
density, and that the response of predators to pest density variation is an important factor in
the provision of biocontrol services. Considering how natural enemies respond to changes
in pest densities will allow for more accurate biocontrol predictions and better-informed
management of this ecosystem service in agroecosystems.

Introduction

The functional traits of species play a major role in the provisioning of ecosystem services [1].
While much of the ecosystem service literature has focused on the influence of species richness
on ecosystem service provision, it is ultimately species’ traits that drive ecological processes
[2-4]. However, the way a species functions is often context dependent on environmental
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conditions, so the effectiveness of an ecosystem service provider may change if ecological con-
ditions change. This complexity has been noted as a research priority for the ecological study
of ecosystem services [5,6], yet not enough has been done to test this idea. Attention to species’
traits and the dynamics of ecosystem service provision is especially important in agricultural
systems [7,8], where farmers relying on these services need to know how to manage for them
over the course of growing seasons.

Biological pest control is one of the most widely recognized ecosystem services provided by
biodiversity in agriculture [7,9]. Where natural enemies can effectively limit crop pests, farmers
can reduce or potentially eliminate their reliance on chemical pesticides while maintaining
high levels of production [9-11]. Successful realization of this ideal in agroecosystems, how-
ever, depends on a complex array of ecological conditions [12,13]. The traits of natural ene-
mies, ranging from hunting mode to prey selectivity [14,15], can play a large role in
determining how biocontrol will function [16,17]. Of particular importance is how predators
respond to changes in prey density [16], which occurs through two principle mechanisms. The
first is predator functional response, which is a measure of how a predator’s attack rate changes
in response to increasing prey density. This has been an important component of classical
predator-prey theory ever since Holling’s original work [18-20], where he describes three gen-
eral functional response curves: Type I, a linear increase in attack rate; Type II, an increase in
attack rate that gradually plateaus; Type I, an initial lag, followed by an acceleration, then
leveling off of attack rate, resulting in a sigmoidal curve. Most commonly, predators exhibit
either Type II or Type III functional response curves, where attack rates gradually level off with
increasing prey density as they either satiate or are overwhelmed in their handling time of indi-
vidual prey [20-22]. Where this leveling off occurs can determine the stability of predator-prey
interactions, whether or not pests escape control, and ultimately how effective a biocontrol
agent will be in suppressing crop damage [20,21]. The second mechanism through which pred-
ators respond to prey density is numerical response, or how predator density changes with
changing prey density. This can occur over short time-scales where individual predators move
to areas of increased prey (aggregation numerical response), but can also occur over longer
time-scales, where predators reproduce more as they consume increasing prey densities and, in
turn, increase their own densities (reproductive numerical response) [16,23]. Overall func-
tional and numerical response can work together or independently to determine whether pred-
ators will be successful in suppressing pest outbreaks and reducing crop damage, thus making
the response of predators to prey density an important factor in the provisioning of biological
control services [16,20,22,23].

Coffee agroecosystems are well-suited venues for exploring how components of ecological
complexity, like context dependent predator traits, impact ecosystem service provision [13,24].
Coffee is one of the most important global commodities, and with nearly 20 million farming
households around the world, its production provides widespread economic benefits to society
[25]. Throughout the tropics, coffee plantations threaten biodiversity with habitat loss, as they
are often located in some of the world’s most important biodiversity hotspots [26], but they
can also help to conserve it by providing high quality habitat patches within an intensive agri-
cultural matrix [27]. The latter is especially true in traditional shade-grown coffee systems
where shade trees offer nesting space and resources to native biodiversity [28]. Because of this,
much attention has been given in the literature to the ecosystem service potential of biodiver-
sity in these agroecosystems, with a particular focus on biological pest control [24,29].

Much of the biocontrol work in coffee has focused on the coffee berry borer (Hypothenemus
hampei, Ferrari, Coleoptera: Curculionidae) a notorious insect that is considered the most eco-
nomically damaging pest of coffee throughout the world [30,31]. Adult females of this small
beetle bore directly into the coffee fruit, where they carry out their reproductive cycle, laying
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eggs, which develop into larvae that eat the seed. Borer infestation reduces the quality of the
coffee crop, often ruining the berries, which can result in yield losses of over 30% in some
regions [32]. Furthermore, because of its cryptic life cycle inside the berries, it is difficult to
control with pesticides, and when chemical control is practiced it is often done with toxic insec-
ticides, such as endosulfan [30,33]. Fortunately, a number of natural enemies of the coffee
berry borer (CBB) have been identified, many of which are native to their respective coffee
growing regions [31,34-46]. These species offer the potential for conservation or autonomous
biological control [12,47], where farmers can manage these services indirectly by bolstering
natural enemy populations through the maintenance of complex habitat in and around coffee
farms [12,29,37]-potentially resulting in win-win solutions for both farmers and biodiversity
[10,17,48].

Many of the CBB natural enemies that have been studied are ants [38-46], which have long
been used as biological control in agriculture [49-51]. Ants can reduce CBB infestation and
damage on coffee plants both directly through predation and indirectly through plant defense-
where they engage in protective relationships with plants, removing herbivores in exchange for
resources such as nesting space or honeydew from tending hemipteran insects [45,46]. Despite
this knowledge across a diversity of ant species, we still know little about how well ants serve as
pest control agents under changing pest density conditions. Few studies have explicitly tested
this question with ants, perhaps because of their uniqueness as generalist eusocial predators.
The colonial nature of ants may make it logistically difficult to directly measure their functional
response. One study attempted this with individual Solenopsis invica workers (separated from
their colony) exposed to cotton fleahopper pests in the laboratory [52]. However, as Schenk
and Bacher (2002) suggest, field tests of functional response are preferred for generalist preda-
tors as they incorporate the impact of alternative prey items and the potential for prey-switch-
ing-where generalist predator attack rates accelerate as they switch to more abundant prey,
resulting in a Type III curve [22,53]. Additionally, testing individual workers ignores the essen-
tial nature of ants—their colonial makeup-which may ultimately explain their efficiency as bio-
control agents [54]. If ants are to be relied on as effective alternatives to chemical pesticides,
farmers need to know how they respond to expansions in CBB densities under field conditions.
This knowledge will help inform the management of these biocontrol agents in complex coffee
agroecosystems.

Here we test how a keystone ant species, a known biocontrol agent of the coffee berry borer,
responds to variation in CBB density on coffee plants. Because of the difficulties of teasing
apart functional and numerical responses in ants we test this question in two ways. Through an
ant exclosure experiment, we measure ant biocontrol efficiency (BCE) as the proportion of
infesting pests removed from plants by ants and use this to gage the ultimate effect of ants on
reducing crop damage of CBB. We also estimate ant functional response, where we consider
the short-term, collective response of groups of ants on coffee (representing the colony as an
individual predator). We predict that ants, as generalist predators, are likely to exhibit prey-
switching but will eventually satiate, resulting in a Type III functional response curve [22,53].
Functional response and BCE are then intimately linked, where the type of functional response
curve will influence how efficient ants are at different prey densities. Therefore, we predict that
under changing pest densities BCE will be dynamic, where a Type III functional response
would likely generate a bell-shaped BCE curve, and that this will have important implications
for farmers managing for ant biocontrol services (Fig 1). Finally, we use ant activity, measured
during the experiment, as a proxy for ant abundance to conduct a post-hoc estimation of
numerical response. We use these measures, together, to gain some clarity on the question of
how ants respond to dynamic pest densities and to determine if ant biological control can be
robust under pest density increases or if this service declines. To our knowledge, this is the first

PLOS ONE | DOI:10.1371/journal.pone.0142850 November 12,2015 3/15



@'PLOS ‘ ONE

Ant Biocontrol of CBB Robust to Pest Density Variation

iciency

Biocontrol Eff

Potential
Buffer

Outbreak Threshold

Potential
Insurance
Zone

Zone

Pest Density

Fig 1. Hypothesized biological control efficiency (BCE) dynamics. As pest density increases, the overall efficiency of natural enemies to control pest
infestation will likely vary, resulting in zones with different management implications. Here we define biocontrol efficiency (BCE) as the proportion of pests
that are prevented from infesting or damaging crops by a predator. In our study we expect BCE to initially increase with increasing pest density, perhaps as
ants switch to the more abundant prey. This could result in a potential buffer zone where ants help to buffer the pest outbreak. Eventually, however, BCE may
drop off, as ants satiate or become overwhelmed at higher pest densities. This could create a potential pest outbreak threshold, which would resultin an
insurance zone where farmers would need to rely on the insurance of other natural enemy species to compensate for the decreased biocontrol efficiency.

doi:10.1371/journal.pone.0142850.g001

reported field study to test the effect of pest density variation on ant-mediated biological
control.

Materials and Methods
Study System & Site Selection

This research was conducted from June 25— August 14, 2014 at Finca Irlanda, a 280-hectare
coffee farm in the Soconusco region of Chiapas, Mexico with permission from the farm’s
owner, Don Walter Peters. Finca Irlanda is an organic, shaded coffee farm situated at 15°11' N
90°20' W, between 950 and 1150 meters, where a number of ant species occupy coffee plants
and shade trees. Azteca sericeasur ]. Longino is a dominant arboreal ant species in this system
that nests on shade trees and tends scale insects on coffee bushes [40,55]. This relationship,
between the coffee, scale, and ants, forms the basis of a complex web of ecological interactions,
with cascading effects on a number of other coffee pests and their predators, making A.
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sericeasur a keystone ant species in this system [12,13]. The primary insect pest of coffee in the
region is the coffee berry borer [56]. Throughout the farm, A. sericeasur is known to protect
coffee from CBB both through plant defense and direct predation [45,46]. To select our sites,
we surveyed the farm for 20 individual coffee bushes (Coffea arabica) with A. sericeasur under
several conditions. First, we looked for a minimum level of ant activity on each bush to ensure
ants were consistently active at the site and would likely remain over the course of the experi-
ment. We measured bush ant activity as the number of individual ants passing a point on the
central trunk per minute and set the minimum at 10 individuals/minute. We then counted the
branches and berries and chose only bushes with a minimum of eight branches, each with at
least 40 non-infested berries. Finally, bush replicates were chosen with at least 5m between
them to increase the probability that ants on each bush represented different ant colonies.

Branch Exclosure Experiment

To test the effects of varying CBB density on ant biocontrol we conducted an ant exclosure
experiment adapted from a similar design used by Gonthier et al. (2013) [46]. We used a
paired-branch treatment design to estimate the effect of ants on CBB infestation while control-
ling for external variables (Fig 2). Within each coffee bush replicate, we choose pairs of
branches of roughly the same age (similar height on central trunk) to control for within plant
differences. We measured branch ant activity as the number of individuals on or crossing onto
a branch per minute, and chose branches with at least one ant/minute. Before running the
experiment, we removed all berries infested with CBB and any decaying berries from the
branches that were likely to fall off during manipulation. We then removed any bridging plant
material on the branches to decrease the chance of an exclosure breach. To standardize the
number of berries between branch pairs we removed excess berries on branches until the differ-
ence in berries between the two branches was no greater than five (making sure to maintain the
40 berry count minimum). Next, we marked two leaves on each branch to serve as platforms
for the placement of CBB individuals. We used two leaf platforms per branch to spread out the
beetles to reduce any potential density effects they might have on each other. We then counted
the number of berries in berry clusters nearest to the leaf platforms and removed berries, if nec-
essary, until the difference in the sum of berries nearest to the two platforms was no greater
than two between the two branches. After initial branch preparation, we randomly assigned
one of the two branches as the exclosure treatment and applied tanglefoot (The Tanglefoot Co.,
Grand Rapids, M1, USA) around the base of the branch to prevent ants from passing onto it.
We then removed all ants beyond the tanglefoot to ensure that this branch served as a non-ant
treatment.

CBB were collected from infested fruits found on coffee plants in the farm. On the morning
of placement, we separated CBB from fruits in the laboratory and placed them in glass vials.
We were careful to only use mature females (the individuals likely to bore) based on their size
and color [32]. After completing the site setup we waited a minimum of 20 hours before
returning to place the CBB. We did this to allow the system to relax to the baseline level of ant
activity (not artificially disturbed) and to allow any plant volatiles released during setup to dis-
sipate. Additionally, we continued to monitor branch ant activity (number of ants on or cross-
ing onto branch/minute) throughout the experiment to ensure that activity did not change as a
result of the experimental manipulation. Upon returning to the site, we roughly split the CBB
individuals between the two leaf platforms on each branch. After placing CBB on the branches,
we waited 24 hours to count the level of infestation on the branches. Infestation was measured
as the number of berries on each branch with CBB bored into the fruit (Fig 2). We included
berries with beetles bored halfway or more into entrance holes, but not berries with empty
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Fig 2. Exclosure experimental design. Shows paired-branch treatment design and calculation of biocontrol efficiency (BCE). Infestation was measured as
the number of bored coffee fruits on branches 24 hrs after coffee berry borer placement. Total coffee berries per branch, leaf platforms, and berry clusters
near leaf platforms are illustrated. This design was repeated on four different branch pairs within each coffee bush replicate, at different times, using four
levels of CBB density. Asterisks indicate data is hypothetical and is only intended for the purpose of demonstrating the BCE calculation.

doi:10.1371/journal.pone.0142850.9002

entrance holes, as this could indicate that ant attack may have occurred during boring. While
typically only one beetle enters a berry [31], in cases where berries had multiple bored holes
they were only counted as one.

This process was repeated within each bush replicate on four different branch pairs using
CBB densities of 10, 20, 40, and 80 individuals per branch. We chose these levels to ensure that
ants were exposed to a broad range of agriculturally relevant densities, where 80 individuals
per branch is meant to simulate outbreak levels based on what has been documented in Latin
American coffee production [33,56]. To separate the effects of different CBB densities on ants,
each density treatment was conducted at separate times within the same coffee bush replicate
and the order of the treatments was chosen randomly to minimize the potential for habituating
the ants to a particular pattern of pest density variation. Between conducting each density treat-
ment within a bush we waited at least 20 hours and removed tanglefoot as often as possible
from branches already used to avoid disturbing the foraging space of the ants too drastically
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over the course of the experiment. All treatments were initiated between 9:00 and 14:00 (before
the afternoon rainy period) and ran for 24 hours.

Biocontrol Efficiency and Functional Response

We calculated biocontrol efficiency (BCE) as the proportion of infesting CBB removed by the
ants (Fig 2). This was measured as the ratio of the difference in infestation between paired
branches, with and without ants, and the infestation on the branch without ants alone (where
I,, is infestation without ants and I, is infestation with ants):

I —1
BCE _ na a
I

na

This yields a ratio that typically falls between 0 and 1, with 1 meaning ants are 100% efficient
(i.e. they remove all of the infesting CBB present). To estimate functional response we mea-
sured the attack rate (AR) of the ants as the difference between infesting CBB individuals
between paired branches, with and without ants, or simply the numerator of the BCE equation:

AR=1,—1,

This yields the collective attack rate of the group of ants on a branch (representing the col-
ony as an individual predator), and allows for an indirect estimation of functional response.
Here BCE serves as a useful metric alongside functional response for assessing the relative effi-
cacy of biological control. While functional response demonstrates the dynamics of predator
attack rate under prey density variation, it does not convey the proportional amount of infest-
ing or damaging prey that are removed by a predator. Calculating biocontrol efficiency in this
way allows us to evaluate the efficiency of biocontrol agents in terms of their ultimate contribu-
tion to the suppression of crop damage.

Statistical Analysis

To account for random effects, covariates, and non-normal data, we used a generalized linear
mixed model (GLMM) [57] to test for differences in CBB infestation rates between treatments.
We ran the GLMM with a log link function and a Poisson distribution, and included ant pres-
ence/absence, density treatment (four levels as a categorical variable), and their interaction as
fixed effects. To control for environmental variation, ant colony differences, and non-indepen-
dence between branches, we included coffee bush in the model as a random effect. We also
included branch ant activity (measured before experimental set up), the number of berries per
branch, and the sum of nearest berry clusters per branch as fixed effect covariates in the model.
To account for the potential by-products of experimentally manipulating plants, such as the
release of volatile chemicals that may have influenced CBB infestation or ant behavior, we
included the total number of berries removed per branch during set up as an additional covari-
ate in the model. To test for significant differences in BCE between the density treatments, we
calculated estimated BCE means from the infestation coefficients generated by the GLMM. We
then made pair-wise comparisons of these estimated BCE means based on the GLMM output.

To estimate the type of functional response from mean ant attack rates across density treat-
ments, we fit the data to a simple linear regression model with the origin as the intercept. In
order to differentiate any effects of numerical responses in the ants, we performed a post-hoc
analysis of ant density (using ant activity as a proxy for density) in relation to CBB density. For
this we ran a simple linear regression model of branch ant activity (on non-exclosure branches)
measured at the end of the experiment (24 hours after CBB placement) to CBB density treat-
ment level [53]. Additionally, we conducted a GLMM on mean branch ant activity (non-
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exclosure branches) measured over the course of the experiment. We did this to determine if
ant activity varied by through time as a result of the experimental manipulation. We included
activity sample time (at set up, at CBB placement, and 24 hours later at check) and CBB density
treatment as categorical fixed effects, and coffee bush as a random effect.

To ensure that our density treatments were reliable tests of the effect of density variation on
ants, we removed all paired-branch replicates from the analysis where infestation on non-ant
branches was less than 10% of the experimental treatment density. This occurred with greater
frequency toward the end of the experimental time frame, as we were unable to continue to
find sufficient healthy CBB individuals in the field. Additionally, any replicates where ant activ-
ity was greater than 1 individual/minute on non-ant branches after the experiment was run
were also eliminated from the analysis. This only occurred in three replicates where ants had
breached exclosures, or falling plant debris had caused exclosures to fail. Together, this resulted
in paired-branch sample sizes for each density treatment of: n = 20 for 10 CBB, n = 18 for 20
CBB, n = 15 for 40 CBB, and n = 14 for 80 CBB. Removing these data from the analysis did not
change the overall statistical conclusions of the experiment. GLMMs were implemented using
the lem4 package, tested for overall significance using Wald Type II chi-square tests, and per-
formed-along with all other statistical tests—in R (R Development Core Team 2014) [58].

Results

Overall, the GLMM showed that both ant presence/absence (y° = 230.31, p < 0.001) and CBB
density (y° = 178.34, p < 0.001) were significant predictors of CBB infestation, but their inter-
action was not significant (y° = 3.15, p = 0.370). Pair-wise comparison of branches with and
without ants in the GLMM showed that there was a significant difference in the mean number
of bored fruits after 24 hours for every CBB density treatment (10 CBB: z = -4.90, p < 0.001; 20
CBB: z=-5.74, p < 0.001; 40 CBB: z = -8.10, p < 0.001; 80 CBB: z = -10.54, p < 0.001; Fig 3).
Across the density treatments, A. sericeasur reduced CBB infestation by 71%-82%. Pair-wise
comparisons of estimated BCE means in the GLMM revealed that BCE did not significantly
vary between the density treatments (BCE1g.59, z = -1.18, p = 0.238; BCE .40, 2 = -1.42,

p =0.157; BCE .80, 2 = -1.71, p = 0.087; BCE .49, z = -0.011, p = 0.991; BCE,(.80, z = -0.168,

p =0.867; BCE40.80, 2 = -0.199, p = 0.842; Fig 4). Overall, BCE was consistently high, ranging
from .685 to .834 across the treatments. Additionally, the non-significant interaction term
between ant presence/absence and density treatment further supports the idea that the effect of
ants was consistent at different densities. Ant activity on the branches (measured before experi-
mental set up), the number of berries per branch, the number of nearest cluster berries per
branch, and total berries removed per branch were not significant factors in the GLMM.

The functional response analysis showed the data were well fit to a simple linear regression
model fit through the origin (R* = .9948, F = 761.4, p < .001, Fig 5). The results indicate that
the mean number of CBB individuals attacked or removed by ants increased linearly with
respect to increasing CBB density, which suggests a Type I functional response in A. sericeasur.
Furthermore, our post-hoc analysis of ant activity after the 24-hour experimental period
showed that there was no relationship between the number of ants per branch/minute (on
non-exclosure branches) and the CBB density treatment level (R” = 0.003, F = 0.005, p = 0.950,
S1 Fig). This suggests there was no lasting numerical response of the ants to CBB density.
Finally, our GLMM on branch ant activity (on non-exclosure branches) showed that the mean
number of ants on or crossing onto treatment branches did not significantly vary during the
experiment (S2 Fig). This was true in regards to sample time (y° = 3.290, p = 0.193), CBB den-
sity treatment (y° = 1.648, p = 0.649), and their interaction (y° = 8.353, p = 0.213). This
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Fig 3. Coffee berry borer (CBB) infestation. Bars show the mean number of bored berries per branch (+ SE) in the presence and absence of Azteca
sericeasur at each CBB density treatment after 24 hours. Statistically significant differences in infestation between branches with and without ants are
marked, where * =p <0.001

doi:10.1371/journal.pone.0142850.9003

indicates that experimental manipulation did not have lasting effects on the activity level of the
ants.

Discussion

These results demonstrate that ants can be highly effective biological control agents of the cof-
fee berry borer. Overall, the presence of A. sericeasur on coftee branches significantly reduced
coffee berry borer infestation rates. This was consistent even at high levels of CBB densities and
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Fig 4. Biocontrol efficiency (BCE) curve. Shows mean BCE (+ SE) of Azteca sericeasur at each coffee
berry borer (CBB) density treatment (10, 20, 40, and 80 individuals). There was no statistical difference in
mean BCE across the treatments. The curve illustrates that BCE is maintained at a high level; however,
trends between 0 and 10 CBB were not tested. The curve was produced using the “loess” smoothing function
in the ggplot package in R.

doi:10.1371/journal.pone.0142850.9g004

suggests that A. sericeasur could provide robust biological control in the face of future CBB out-
breaks. This is supported by the consistently high level of BCE, the non-significant interaction
between ant presence/absence and CBB density (suggesting consistent effect of ants), and the
Type I functional response we estimated from collective ant attack rates on coffee branches.
Interestingly, our failure to detect a numerical response in the ants 24 hours after CBB expo-
sure suggests that there was no lasting effect of ants aggregating in areas of high pest density.
Opverall, these results conflicted with our predictions and indicate that ants, as generalist euso-
cial predators, may be unique in their ability to respond rapidly and robustly to increases in
prey density [54]. Type I functional responses are not commonly observed in nature
[16,20,22], especially within insects [21]. Typically, predator attack rates eventually level off
with increasing prey density as they become overwhelmed and satiate, resulting in Type II or
Type III curves [20-23]. While individual predators will eventually satiate, it does not appear
that colonies of hundreds of ant workers, as A. sericeasur usually maintains, will satiate at the
densities of CBB that are meaningful to farmers.

One possible explanation for this result is that A. sericeasur is not always a strict predator.
Because these ants are usually protecting their scale mutualist partners on the coffee plants,
they are often engaging in plant defense, where ants remove pest individuals from host plants
rather than predate them [45]. While ant-plant defensive relationships most commonly benefit
plants, in some cases ants can increase the density of hemipterans to pest levels [59,60]. On cof-
fee, however, CBB directly attack the harvested crop making them a more severe coffee pest
than scale insects [33]. Thus, despite the potential trade-off, ant-hemipteran mutualisms on
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Fig 5. Functional response curve. Shows the mean number of coffee berry borer (CBB) individuals
attacked by Azteca sericeasur (+ SE) across CBB density treatments (10, 20, 40, and 80 individuals). A
simple linear regression model, shown by the line, suggests a Type | functional response (R? = .9948,
F=761.4,p<.001).

doi:10.1371/journal.pone.0142850.g005

coffee plants likely have a net positive effect [46]. This behavior may help, in part, to explain
the Type I functional response we observed, as ants will not satiate unless they are consuming
prey. While non-consumptive plant defense works to suppress the infestation of CBB on coffee,
it may allow beetles to escape mortality. It is still likely, however, that removal of the beetle
from the plant would result in the death of CBB individuals, as the insects are not very hardy
outside of coffee fruits and often fall to the ground after disruption by the ants [45]. It is also
possible that other species of ground foraging ants would predate beetles that are knocked off
plants by A. sericeasur, as it is known that several species of ground nesting ants are predators
of CBB in coffee agroecosystems [41,61]. Another possible explanation for these results is that
ants may actually be storing prey individuals in their nests, which some species of ants have
been known to do [62,63]. This behavior could delay the effect of satiation and would allow
ants to maintain high attack rates even at very high pest densities. Whether our results were
being mediated through ant-plant defense, prey storage, or are simply a consequence of ant
coloniality, there is no doubt that the presence of A. sericeasur on coffee plants helps to reduce
CBB infestation rates [40,45,46]. Further work on the exact mechanism of A. sericeasur’s con-
sistently high BCE will help to better inform management of ant-mediated CBB biocontrol and
will also allow for inference about the biocontrol potential of other species of ants.

More broadly, these results demonstrate the importance of considering the functional traits
of ecosystem service providers and the dynamics of ecosystem service provision in agriculture
[7,8]. In the case of the coffee berry borer, much uncertainty remains regarding the severity of
this pest in the future. While its infestation levels are currently low in southern Mexico where
this experiment was conducted, in other locations it has recently reached outbreak levels,
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causing serious crop losses in island producing regions such as Hawaii and Jamaica [64-66]. If
CBB outbreaks occur in other locations, farmers will need to know if biocontrol services will
still be effective. Indeed, recent literature suggests outbreaks may become more probable as cli-
mate change advances around the planet. Jaramillo et al. (2011) predict that increasing average
temperatures in coffee growing regions will not only expand the altitudinal range of CBB,
allowing it to reach higher grown coffee, but will also expand the temporal window for CBB
reproductive cycles on farms, ultimately leading to increases in pest densities [67]. Further-
more, additional unexpected changes may come with CBB expansion in the form of increased
fungal infestation rates associated with CBB crop damage, such as molds that produce toxic
compounds, like ochratoxin A, which can contaminate coffee harvests [68]. We believe this
presents an example of the importance of the insurance hypothesis of biodiversity [69]: while
ants may go unnoticed at low densities of CBB, they could become very important ecosystem
service providers in the face of future outbreaks. In this case, maintaining ants that are robust
to pest density increases on farms would be crucial for coffee farmers relying on biological
control.

As far as we know, this is the first reported field experiment to test the effect of increasing
pest density on an ant species in the context of biological control. This is surprising considering
the history of their use in agriculture and their widespread potential as biocontrol agents [49-
51,70]. While their colonial nature may make them atypical organisms to consider in terms of
functional response, they are important predators nonetheless. Indeed, the functional response
that ants exhibit as a colony may help to explain their efficacy as biocontrol agents [54]. Alter-
natively, the use of biocontrol control efficiency (BCE) as an additional measure to functional
and numerical response may allow for more direct inference about the ultimate impact of pred-
ators such as ants on reducing crop damage. Further work will need to be done to know if the
trends we found generalize to other ant species or are a unique result of a keystone species
engaging in aggressive plant defense. More broadly, the effect of prey density variation on natu-
ral enemies is an important part of the ecological complexity that governs the provision of bio-
logical control services, and should continue to be researched. Through experimentally
studying this dynamic attribute of biocontrol ecologists will be able to better support manage-
ment-relevant predictions in agriculture with empirical knowledge. This is precisely the kind of
information farmers need if they are to embrace the conservation of biodiversity and ecosystem
services in order to sustainably manage the world’s food supply.

Supporting Information

S1 Dataset. Dataset analyzed for this study. Includes data and meta-data.
(XLSX)

S1 Fig. Numerical Response.
(PDF)

S2 Fig. Branch Ant Activity.
(PDF)

Acknowledgments

We are grateful to Don Walter Peters and Finca Irlanda for supporting our work on the coffee
plantation. For their tireless assistance in the field, we thank Braulio E. Chilel and Gustavo
Lépez Bautista. We thank our colleagues David J. Gonthier, Katherine K. Ennis, and Stacy M.
Philpott for their encouragement and invaluable insight on the design of this experiment. We
also thank Yu-Pu Chen and Pranav Yajnik for their patient statistical consultation. Finally, we

PLOS ONE | DOI:10.1371/journal.pone.0142850 November 12,2015 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142850.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142850.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142850.s003

@’PLOS ‘ ONE

Ant Biocontrol of CBB Robust to Pest Density Variation

thank Chase Rakowski, Alison King, and three anonymous reviewers for helpful comments on
the manuscript.

Author Contributions

Conceived and designed the experiments: JRM JV IP. Performed the experiments: JRM. Ana-
lyzed the data: JRM. Wrote the paper: JRM JV IP.

References

1.

10.

1.

12

13.

14.

15.

16.
17.

18.

19.

20.
21.

22,

23.

De Bello F, Lavorel S, Diaz S, Harrington R, Cornelissen JHC, Bardgett RD, et al. Towards an assess-
ment of multiple ecosystem processes and services via functional traits. Biodivers Conserv. 2010; 19:
2873-2893.

Chapin FS lll, Walker BH, Hobbs RJ, Hooper DU, Lawton JH, Sala OE, et al. Biotic Control over the
Functioning of Ecosystems. Science. 1997; 277: 500-504.

Hooper DU, Chapin FS I, Ewel JJ, Hector A, Inchausti P, Lavorel S, et al. Effects of Biodiversity on
Ecosystem Functioning: A Consensus of Current Knowledge. Ecol Monogr. 2005; 75: 3-35.

Haines-Young RH, Potschin MB. The links between biodiversity, ecosystem services and human well-
being. In: Raffaelli DG, Frid CLJ, editors. Ecosystems ecology: a new synthesis. Cambridge: Cam-
bridge University Press; 2010. pp. 110-139.

Kremen C. Managing ecosystem services: what do we need to know about their ecology? Ecol Lett.
2005; 8: 468—479. doi: 10.1111/.1461-0248.2005.00751.x PMID: 21352450

Kremen C, Ostfeld RS. A call to ecologists: measuring, analyzing, and managing ecosystem services.
Front Ecol Environ. 2005; 3: 540-548.

Zhang W, Ricketts TH, Kremen C, Carney K, Swinton SM. Ecosystem services and dis-services to agri-
culture. Ecol Econ. 2007; 64: 253-260.

Wood S, Karp D, Declerck F, Kremen C, Naeem S, Palm C. Functional traits in agriculture: agrobiodi-
versity and ecosystem services. Trends Ecol Evol. 2015; 30: 531-539. doi: 10.1016/j.tree.2015.06.013
PMID: 26190137

Naylor RL, Ehrlich PR. Natural Pest Control Services and Agriculture. In: Daily GC, editor. Nature’s Ser-
vices: Societal Dependence on Natural Ecosystems. Washington, D.C.: Island Press; 1997. pp. 151—
174.

Letourneau DK, Armbrecht |, Rivera BS, Montoya J, Carmona EJ, Daza MC, et al. Does plant diversity
benefit agroecosystems? A synthetic review. Ecol Appl. 2011; 21: 9—21. PMID: 21516884

Kremen C, Miles A. Ecosystem services in biologically diversified versus conventional farming sys-
tems: Benefits, externalities, and trade-offs. Ecol Soc. 2012; 17.

Vandermeer J, Perfecto |, Philpott S. Ecological Complexity and Pest Control in Organic Coffee Pro-
duction: Uncovering an Autonomous Ecosystem Service. Bioscience. 2010; 60: 527-537.

Perfecto |, Vandermeer J, Philpott SM. Complex Ecological Interactions in the Coffee Agroecosystem.
Annu Rev Ecol Evol Syst. 2014; 45: 137-158.

Schmitz OJ. Effects of Predator Hunting Mode on Grassland Ecosystem Function. Science (80-). 2008;
319: 952-954. doi: 10.1126/science.1152355 PMID: 18276890

Philpott SM, Perfecto |, Vandermeer J. Behavioral Diversity of Predatory Arboreal Ants in Coffee Agroe-
cosystems. Environ Entomol. 2008; 37: 181-91. PMID: 18348809

Luff ML. The Potential of Predators for Pest Control. Agric Ecosyst Environ. 1983; 10: 159—181.

Straub CS, Finke DL, Snyder WE. Are the conservation of natural enemy biodiversity and biological
control compatible goals? Biol Control. 2008; 45: 225-237.

Holling CS. The Components of Predation as Revealed by a Study of Small-Mammal Predation of the
European Pine Sawfly. Can Entomol. 1959; 91: 293-320.

Holling CS. The Functional Response of Predators to Prey Density and its Role in Mimicry and Popula-
tion Regulation. Mem Entomol Soc Canada. 1965; 97: 5-60.

Murdoch WW, Oaten A. Predation and Population Stability. Adv Ecol Res. 1975; 9: 1-131.

Hassell MP, Lawton JH, Beddington JR. Sigmoid functional responses by invertebrate predators and
parasitoids. J Anim Ecol. 1977; 46: 249-262.

Symondson WOC, Sunderland KD, Greenstone MH. Can Generalist Predators be Effective Biocontrol
Agents? Annu Rev Entomol. 2002; 47: 561-94. PMID: 11729085

Riechert S, Lockley T. Spiders as Biological Control Agents. Annu Rev Entomol. 1984; 29: 299-320.

PLOS ONE | DOI:10.1371/journal.pone.0142850 November 12,2015 13/15


http://dx.doi.org/10.1111/j.1461-0248.2005.00751.x
http://www.ncbi.nlm.nih.gov/pubmed/21352450
http://dx.doi.org/10.1016/j.tree.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26190137
http://www.ncbi.nlm.nih.gov/pubmed/21516884
http://dx.doi.org/10.1126/science.1152355
http://www.ncbi.nlm.nih.gov/pubmed/18276890
http://www.ncbi.nlm.nih.gov/pubmed/18348809
http://www.ncbi.nlm.nih.gov/pubmed/11729085

@’PLOS ‘ ONE

Ant Biocontrol of CBB Robust to Pest Density Variation

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jha S, Bacon CM, Philpott SM, Rice RA, Mendez VE, Laderach P. A Review of Ecosystem Services,
Farm Livelihoods, and Value Chains in Shade Coffee Agroecosystems. In: Campbell WB, Ortiz SL, edi-
tors. Integrating Agriculture, Conservation and Ecotourism: Examples from the Field. 2011. pp. 141—
208.

Vega FE, Rosenquist E, Collins W. Global project needed to tackle coffee crisis. Nature. 2003; 425:
343.

Moguel P, Toledo VM. Biodiversity Conservation in Traditional Coffee Systems of Mexico. Conserv
Biol. 1999; 13: 11-21.

Perfecto I, Vandermeer J, Wright A. Nature’s Matrix: Linking Agriculture, Conservation and Food Sover-
eignty. London, UK: Earthscan; 2009.

Perfecto |, Rice RA, Greenberg R, Van der Voort ME. Shade Coffee: A Disappearing Refuge for Biodi-
versity. Bioscience. 1996; 46: 598—608.

Perfecto |, Vandermeer J. Coffee Agroecology: A new approach to understanding agricultural biodiver-
sity, ecosystem services and sustainable development. Earthscan; 2015.

Damon A. A review of the biology and control of the coffee berry borer, Hypothenemus hampei (Coleop-
tera: Scolytidae). Bull Entomol Res. 2000; 90: 453—-465. PMID: 11107248

Vega FE, Infante F, Castillo A, Jaramillo J. The coffee berry borer, Hypothenemus hampei (Ferrari)
(Coleoptera: Curculionidae): a short review, with recent findings and future research directions. Terr
Arthropod Rev 2. 2009; 2: 129-147.

Barrera JF. Coffee Pests and their Managment. 2nd ed. Encyclopedia of Entomology. Springer;
2008. pp. 961-998.

Vega F. Coffee Berry Borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae: Scolytinae).
2nd ed. Encyclopedia of Entomology. 2008. pp. 959-960.

Bustillo AE, Cardenas R, Posada FJ. Natural Enemies and Competitors of Hypothenemus hampei (Fer-
rari) (Coleoptera: Scolytidae) in Colombia. Neotrop Entomol. 2002; 31: 635-639.

Kellermann JL, Johnson MD, Stercho AM, Hackett SC. Ecological and Economic Services Provided by
Birds on Jamaican Blue Mountain Coffee Farms. Conserv Biol. 2008; 22: 1177-85. doi: 10.1111/j.
1523-1739.2008.00968.x PMID: 18616745

Johnson MD, Kellermann JL, Stercho AM. Pest reduction services by birds in shade and sun coffee in
Jamaica. Anim Conserv. 2010; 13: 140-147.

Karp DS, Mendenhall CD, Sandi RF, Chaumont N, Ehrlich PR, Hadly EA, et al. Forest bolsters bird
abundance, pest control and coffee yield. Ecol Lett. 2013; 16: 1339-47. doi: 10.1111/ele.12173 PMID:
23981013

Vardn EH, Hanson P, Borbén O, Carballo M, Hilje L. Potencial de hormigas como depredadoras de la
broca del café (Hypothenemus hampei) en Costa Rica. Manejo Integr Plagas y Agroecol (Costa Rica).
2004; 2: 42-50.

Gallego Ropero MC, Armbrecht |. Depredacion por hormigas sobre la broca del café Hypothenemus
hampei (Curculionidae: Scolytinae) en cafetales cultivados bajo dos niveles de sombra en Colombia.
Manejo Integr Plagas y Agroecol (Costa Rica). 2005; 76: 32—40.

Perfecto |, Vandermeer J. The effect of an ant-hemipteran mutualism on the coffee berry borer
(Hypothenemus hampei) in southern Mexico. Agric Ecosyst Environ. 2006; 117: 218-221.

Armbrecht |, Gallego MC. Testing ant predation on the coffee berry borer in shaded and sun coffee
plantations in Colombia. Entomol Exp Appl. 2007; 124: 261-267.

Moreno LLV, Brito YM, Simonetti JA, Rodriguez DM, Nufiez AA. Diversidad de especies de hormigas
(Hymenoptera: Formicidae) en cafetales afectados por Hypothenemus hampei Ferrari (Coleoptera:
Curculionidae: Scolytinae). Fitosanidad. 2009; 13: 163—168.

Larsen A, Philpott SM. Twig-Nesting Ants: The Hidden Predators of the Coffee Berry Borer in Chiapas,
Mexico. Biotropica. 2010; 42: 342-347.

Pardee GL, Philpott SM. Cascading Indirect Effects in a Coffee Agroecosystem: Effects of Parasitic
Phorid Flies on Ants and the Coffee Berry Borer in a High-Shade and Low-Shade Habitat. Environ
Entomol. 2011; 40: 581-588. doi: 10.1603/EN11015 PMID: 22251635

Jiménez-Soto E, Cruz-Rodriguez JA, Vandermeer J, Perfecto I. Hypothenemus hampei (Coleoptera:
Curculionidae) and its Interactions With Azteca instabilis and Pheidole synanthropica (Hymenoptera:
Formicidae) in a Shade Coffee Agroecosystem. Environ Entomol. 2013; 42: 915-924. doi: 10.1603/
EN12202 PMID: 24331603

Gonthier DJ, Ennis KK, Philpott SM, Vandermeer J, Perfecto |. Ants defend coffee from berry borer col-
onization. BioControl. 2013; 58: 815-820.

Barbosa P. Conservation Biological Control. Barbosa P, editor. Academic Press. San Diego; 1998.

PLOS ONE | DOI:10.1371/journal.pone.0142850 November 12,2015 14/15


http://www.ncbi.nlm.nih.gov/pubmed/11107248
http://dx.doi.org/10.1111/j.1523-1739.2008.00968.x
http://dx.doi.org/10.1111/j.1523-1739.2008.00968.x
http://www.ncbi.nlm.nih.gov/pubmed/18616745
http://dx.doi.org/10.1111/ele.12173
http://www.ncbi.nlm.nih.gov/pubmed/23981013
http://dx.doi.org/10.1603/EN11015
http://www.ncbi.nlm.nih.gov/pubmed/22251635
http://dx.doi.org/10.1603/EN12202
http://dx.doi.org/10.1603/EN12202
http://www.ncbi.nlm.nih.gov/pubmed/24331603

@’PLOS ‘ ONE

Ant Biocontrol of CBB Robust to Pest Density Variation

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Iverson AL, Marin LE, Ennis KK, Gonthier DJ, Connor-Barrie BT, Remfert JL, et al. Do polycultures pro-
mote win-wins or trade-offs in agricultural ecosystem services? A meta-analysis. Journal of Applied
Ecology. 2014; 51: 1593-1602.

Way MJ, Khoo KC. Role of Ants in Pest Managment. Annu Rev Entomol. 1992; 479-503.

Perfecto |, Castifieiras A. Deployment of the Predaceous Ants and Their Conservation in Agroecosys-
tems. In: Barbosa P, editor. Conservation Biological Control. 1998. pp. 269—289.

Philpott SM, Armbrecht |. Biodiversity in tropical agroforests and the ecological role of ants and ant
diversity in predatory function. Ecological Entomology. 2006; 31: 369-377.

Breene RG, Sterling WL, Nyffeler M. Efficacy of spider and ant predators on the cotton fleahopper
[Hemiptera: Miridae]. Entomophaga. 1990; 35: 393—401.

Schenk D, Bacher S. Functional response of a generalist insect predator to one of its prey species in
the field. J Anim Ecol. 2002; 71: 524-531.

Risch SJ, Carroll CR. The Ecological Role of Ants in Two Mexican Agroecosystems. Oecologia. 1982;
55:114-119.

Jha S, Allen D, Liere H, Perfecto |, Vandermeer J. Mutualisms and Population Regulation: Mechanism
Matters. PLoS One. 2012; 7: 1-5.

Barrera JF. La Broca del café: Una plaga que llegé para quedarse. Tres Plagas del Café en Chiapas.
El Eolegio de la Frontera Sur; 2002. pp. 17-20.

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, et al. Generalized linear
mixed models: a practical guide for ecology and evolution. Trends Ecol Evol. 2008; 24: 127-135.

Team RDC. R: A Language and Environment for Statistical Computing. 2014.

Styrsky JD, Eubanks MD. Ecological consequences of interactions between ants and honeydew-pro-
ducing insects. Proc Biol Sci. 2007; 274: 151-164. PMID: 17148245

Rosumek FB, Silveira FAO, Neves F de S., Barbosa NP de U., Diniz L, Oki Y, et al. Ants on plants: a
meta-analysis of the role of ants as plant biotic defenses. Oecologia. 2009; 160: 537-549. doi: 10.1007/
s00442-009-1309-x PMID: 19271242

Trible W, Carroll R. Manipulating tropical fire ants to reduce the coffee berry borer. Ecol Entomol. 2014;
1-7.

Hélldobler B. Communication, Raiding Behavior and Prey Storage in Cerapachys (Hymenoptera; For-
micidae). Psyche: A Journal of Entomology. 1982. pp. 3—23.

Gayahan GG, Tschinkel WR. Fire ants, Solenopsis invicta, dry and store insect pieces for later use. J
Insect Sci. 2008; 8: 1-8.

Burbano E, Wright M, Bright DE, Vega FE. New record for the coffee berry borer, Hypothenemus ham-
pei, in Hawaii. 2010;11: 1-3.

Martin-Wilkins A. Berry borer blues: Beetle threatens to wipe out half of coffee crop if not controlled.
Jamaica Observer. 14 Feb 2012: 1-2.

Johnson S. USDA gives Hawaii $1M to fight coffee berry borer pest. Pacific Business News. 8 Jul
2015.

Jaramillo J, Muchugu E, Vega FE, Davis A, Borgemeister C, Chabi-Olaye A. Some Like It Hot: The
Influence and Implications of Climate Change on Coffee Berry Borer (Hypothenemus hampei) and Cof-
fee Production in East Africa. PLoS One. 2011; 6: €24528. doi: 10.1371/journal.pone.0024528 PMID:
21935419

Velmourougane K, Bhat R, Gopinandhan TN. Coffee Berry Borer (Hypothenemus hampei)—A Vector
for Toxigenic Molds and Ochratoxin A Contamination in Coffee Beans. Foodborne Pathog Dis. 2010; 7:
1279-1284. doi: 10.1089/fpd.2010.0571 PMID: 20618085

Yachi S, Loreau M. Biodiversity and ecosystem productivity in a fluctuating environment: the insurance
hypothesis. Proc Natl Acad Sci U S A. 1999; 96: 1463—-1468. PMID: 9990046

Del Toro I, Ribbons RR, Pelini SL. The little things that run the world revisited: a review of ant-mediated
ecosystem services and disservices (Hymenoptera: Formicidae). Myrmecological News. 2012; 17:
133-146.

PLOS ONE | DOI:10.1371/journal.pone.0142850 November 12,2015 15/15


http://www.ncbi.nlm.nih.gov/pubmed/17148245
http://dx.doi.org/10.1007/s00442-009-1309-x
http://dx.doi.org/10.1007/s00442-009-1309-x
http://www.ncbi.nlm.nih.gov/pubmed/19271242
http://dx.doi.org/10.1371/journal.pone.0024528
http://www.ncbi.nlm.nih.gov/pubmed/21935419
http://dx.doi.org/10.1089/fpd.2010.0571
http://www.ncbi.nlm.nih.gov/pubmed/20618085
http://www.ncbi.nlm.nih.gov/pubmed/9990046

